Fipronil and emamectin benzoate (EMB) are effective insecticides for controlling cotton leafworm, Spodoptera littoralis. Fipronil works by blocking gamma-amino butyric acid (GABA) gated chloride. In contrast, EMB is activating GABA transporters. The objectives of our study were to assess relative toxicity of the technical fipronil and EMB alone and in mixture against S. littoralis. In addition, the GABA content was simultaneously determined using HPLC. Technical fipronil and EMB and their mixtures were applied topically to the fourthinstar larvae, and their LD 50 values were estimated after 48 h. Results demonstrated that the LD 50 for EMB applied alone was 0.751 ng/larva which was much less than for fipronil 7.271 ng/larva. Each of the two insecticides alone showed a significant decrease in GABA content at LD 10 , LD 25 , and LD 50 doses, while their mixtures induced GABA levels. The highest potentiation was observed when both insecticides were in a mixture at the ratio of LD 10 :LD 10 which was associated with higher increase in GABA levels. Moreover, the weight of the alive larvae was less than that was in the untreated control. However, all mixtures exhibited potentiation effect, except for the mixture of fipronil at LD 50 with EMB at LD 10 , LD 25 , and LD 50 that had antagonistic effect correlated with the lowest decrease in GABA level. Results suggested that lower doses of both insecticides in a binary mixture had potentiation effect against S. littoralis. This mixture could be used in combination as field application for successful and effective control of S. littoralis and would also help in managing insecticide resistance.
Cotton leafworm Spodoptera littoralis (Boisd.) is considered one of the most destructive phytophagus insect pests in Egypt because of its high reproductive rate and heavy losses to crops. It is a highly polyphagous species feeding on plants of 40 families, containing 87 species of economic importance (El-Sheikh et al. 2018) . In addition to its direct damage, it is reducing photosynthetic area and reduces the marketability of vegetables and ornamentals (Pluschkell et al. 1998) . The continuous and repeated use of traditional chemical insecticides such as organophosphates, carbamates, and pyrethroids against cotton leafworm (CLW) have led to development of resistance (Kandil et al. 2003) .
Since the last outbreak of CLW (1965) , Egyptian Pesticide Recommendation Committee has established a rotational tactic (Use insecticides alternatively with different modes of action) of insecticide use in order to manage insecticide resistance. Moreover, using insecticide mixtures is one of the methods followed to manage evolution of resistance in S. littoralis (Shi et al. 2012) . In Egypt, mixing insecticides with various modes of action usually proved to be effective in resistance management program.
In addition, new certain compounds with different modes of action were introduced within the last two decades in Egypt. These insecticides are effective against a wide range of economically important insect pests. One of those insecticides is emamectin benzoate (EMB), which possess excellent insecticidal activity. EMB acts as chloride channel activator stimulating high-affinity γ-amino butyric acid receptor and glutamate-gated chloride channels and thus increases the permeability in membrane chloride ion and disrupts nerve signals in arthropods. Thereby neurotransmission is reduced by subsequent hyperpolarization and the signal elimination of transduction in nervous system of the insect (Ishaaya et al. 2002) . The insect larvae stops feeding after exposure and becomes irreversibly paralyzed which leads to death within 3 or 4 d (Grafton-cardwell et al. 2005) . The second new registered insecticide is fipronil. Fipronil is a noncompetitive antagonist (NCA) of GABA receptor which inhibits the GABA resulting in hyperexcitation of the insect nervous system (Ffrench-constant et al. 1991) . In addition, it has recently proved that fipronil and its sulfone metabolite block two types of glutamate chloride channels (GluCls; Zhao and Salgado 2010) .
The distinctive mode of action of both insecticides mentioned above has drawn our attention to investigate what will happen if both insecticides are binary mixed or sequentially applied. Since both insecticides exhibited contrast mode of action at the same target site (GABA receptor), this work was carried out to examine the ultimate effect of their biological activity against the fourth-instar larvae of S. littoralis when applied alone or in mixture with clarifying the influence of GABA content on the mechanism of action of both insecticides in the mixtures.
Materials and Methods

Test Insect
A laboratory strain of S. littoralis was used. The larvae were reared under complete absence of insecticides exposure as mentioned by Eldefrawi et al. (1964) . The Laboratory strain was fed on fresh leaves of castor oil bean at 25 ± 1°C, 75 ± 5% RH.
Chemicals
Technical grade of fipronil (97.9 %) and emamectin benzoate (99.4%) was obtained from Sigma-Aldrich. Two commercial formulations of 1.9% EC emamectin benzoate (Basha, Elhelb co., Egypt) and 20% SC fipronil (Coach, Star chem. Co., Egypt) were obtained from Central Agricultural Pesticides Laboratory. Gamma amino butyric acid (GABA), analytical grade was obtained from Sigma-Aldrich and all chemicals used for HPLC analysis were analytical grade.
Insecticide Treatments
Dipped Assay A commercial formulation from each insecticide was used to prepare serial aqueous concentrations. Leaf dipping technique was performed as described by Fahmy et al. (1988) . Fresh castor oil bean leaves were immersed into each insecticide solution for 10 s, air-dried, and then placed in jars and covered with muslin. Ten fourth-instar larvae were fed on treated leaf, whereas control was dipped only in water and five replicates were used for each concentration. Larvae were fed for 24 h on treated castor leaves and followed by fresh untreated leaves. Mortality was calculated after 48 h posttreatment.
Topical Assay
Topical application method was used to assess the activity of the active ingredient of fipronil and emamectin benzoate according to Li et al. (2007) . Larvae weighted 22 mg ± 2 were treated on the dorsal thoracic region with 1 µl of each insecticide dilution using micro applicator (Burkad, United Kingdom). Three replicates for each concentration were used and each replicate containing 10 larvae and the untreated control was applied with acetone. The treated castor leaves were administered to the larvae for 24 h. Mortality was calculated after 48 h posttreatment.
Joint Action of the Insecticides
Three levels of either lethal concentrations (LC10, LC 25 , and LC 50 ) using leaf dipping technique or lethal doses (LD 10 , LD 25 , and LD 50 ) using topical application technique were binary mixed. Mortality was calculated after 48 h posttreatment. Alive larvae were transferred to a clean Eppendorf and kept in −40°C for the GABA determination.
Determination of GABA Level
The weighed larvae were homogenized in 400-µl ice-cold methanol (0.1% formic acid). The homogenates were vortex-mixed for 1 min. It was then centrifuged at 16,000 rpm at 4°C for 15 min and the supernatants were collected in clean Eppendorf according to Huang et al. (2014) with modification.
Individual stock solution (100 µg/ml) reference standard of designing was prepared in 100-ml volumetric flask in acetonitrile. The successive working dilution and spiking standard solutions were prepared daily by diluting the stock solution for HPLC analysis. All standard and working solutions were stored at −20°C.
GABA content was determined according to Xin-jun et al. (2010) with modification. The chromatographic analyses were performed using the HPLC system as follows: Agilent 1100 series (Agilent technologies) equipped with a quaternary pump, variable wavelength diode array detector (DAD), with an analytical Column: (150 mm × 4.6 mm id × 5 µm ODS). The mobile phase was acetonitrile: water (0.1% formic acid; 85:15 v/v), whereas the flow rate was 1 ml/min and the injection volume was 20 µl. The wavelength was 197 nm and the retention time was 2.5 min.
Statistical Analysis
Mortality was corrected by Abbott's formula (Abbott 1925) . The LC and LD values were calculated according to Finney (1971) using Probit analysis, Ldp line (Ehabsoft V.1.0 software).
Co-toxicity factor (C.F) of the binary mixtures of fipronil and EMB was determined according to the equation given by Mansour et al. (1966) as follows:
This factor was employed to differentiate the results into three categories: A positive factor of (+20) or more is considered potentiation; a negative factor of (−20) or more is considered antagonism; and any intermediate value (between −20 and +20) is considered an additive effect.
Data on GABA determination were statistically analyzed using Student's t-test to calculate the difference among mean values of GABA content. Values were expressed as mean ± the standard error.
Results
The results presented in Table 1 show the LC values of the both tested insecticides.
It is clear that EMB was highly efficient against the fourthinstar larvae which had LC 50 of 0.334 mg/L. However, the LC 50 for fipronil was 33.42 mg/L, indicating that the toxicity of EMB toward S. littoralis is about 100-fold more than fipronil.
Binary mixtures of EMB and fipronil at three levels (LC 10 , LC 25 , and LC 50 ) were tested to assess their antagonistic or synergistic interactions. Results set up in Table 2 reveal that mixing both insecticides at LC 10 for each insecticide exhibited high synergistic interaction with Co-toxicity factor of 114. The Co-toxicity factors of the remaining binary mixtures varied between synergistic, additive, and antagonistic effects. Antagonistic effect was clear in the case of combined mixtures of EMB at LC 50 with the other three levels of fipronil.
From the previous data, it is clear that binary mixture of EMB and fipronil at LC 10 value was markedly effective against the fourthinstar larvae of S. littoralis.
To exclude the effect of inert and additive materials contained in the formulations, the active ingredient of both chemicals were tested by using topical application technique to evaluate their inherent toxicity. Data in Table 3 and 4 confirm the previous results of leaf dipping technique where the LD 50 values for EMB and fipronil were 0.75 and 7.27 ng/larva. The result indicated that toxicity of fipronil when applied topically surged up 10-fold compared with the leaf dipping technique. When both compounds were mixed, the level of toxicity was significantly reduced from 100-to 10-fold. It is clear that the binary mixture at LD 10 level of each insecticide revealed a high Co-toxicity factor (260) as presented in Table 4 . Moreover, their binary mixtures at different levels showed synergistic interaction except for the two binary mixtures which had antagonistic interaction at levels: LD 10 +LD 50 and LD 25 +LD 50 of EMB + fipronil, respectively. To confirm obtained results of LD 10 +LD 10 from EMB + fipronil, the larval weight posttreatment was taken in consideration as shown in Fig. 1 . The figure illustrates that the larval weight was obviously decreased by 54% compared with the control larvae. Also, the weight of the larvae treated with EMB or fipronil alone reduced by 25 and 30%, respectively.
Simultaneously, GABA content in the larvae topically treated with EMB or fipronil alone and in their mixtures was determined. Results in Table 5 indicate that the content of GABA in larvae treated with either EMB or fipronil alone was significantly decreased.
In contrast, all the tested mixtures enhanced the amount of GABA content. The highest increase of GABA content was detected in the mixture of LD 10 for both insecticides which was 193% relative to the control. This induction of GABA was decreased in the mixture which had higher ratio of fipronil as in the case of LD 50 (fipronil) with the three levels of EMB (LD 10 , LD 25 , and LD 50 ) in which the percentage of the GABA content relative to control was 83.35, 103.90, and 135.89, respectively.
Discussion
The γ-amino butyric acid receptor (GABA-R) is the target for many insecticides, acaricides, anthelmintics, and rodenticides of widely varied structure (Casida and Durkin 2015) . In the current study, EMB (GABA agonist) and fipronil (noncompetitive GABA antagonist) were selected to evaluate the interaction of their binary mixtures with relation to their toxicity and GABA content.
Lethal effect of EMB and fipronil against the fourth-instar larvae of S. Littoralis was investigated using the leaf dipping technique. Results indicated that larvae were very susceptible to EMB, but more tolerant to fipronil than EMB (Table 1) . However, the LD 50 value of fipronil as contact action against the fourth-instar larvae was only 10-fold lower than that of EMB. This indicates that fipronil was more efficient when tested topically than by leaf dipping technique. This may be due to feeding inhibition at short-term exposure to fipronil which in turn may cause harm to larvae survival (Jinguji et al. 2018) Since binary mixtures of insecticides are considered the second recommended tactic to delay the development of resistance in cotton leafworm (Ahmad et al. 2009 ), the observed synergistic effects were mixing ratio dependent. Mixture of LC 10 EMB+LC 10 fipronil or LD 10 EMB + LD 10 fipronil obviously increased Co-toxicity factors to 114 and 260, respectively.
These interesting results are consistent with the finding of Sarkar et al. (2015) who studied the efficacy of various treatments of fipronil 15% + emamectin benzoate 5% against thrips of chili and fruit borer Helicoverpa armigera. Their results indicated that the mixture reduced the insect infestation and chili yield was significantly higher than untreated control and was superior over standards of either fipronil 5%SC or emamectin benzoate 5%. Moreover, in China, the re-compounded pesticide comprising emamectin benzoate in 0.1-1wt% and fipronil in 0.2-10 wt% had co-toxicity co-efficient of 106-146, with broad pesticidal spectrum, quick acting, high specificity, and relatively low cost (Anonymous 2006) .
The degree of disturbance of insecticides on larval weight was observed in our study in which the weight of survival larvae was decreased significantly after the first day of exposure to sublethal dose from EMB and fipronil alone or in their binary mixture at LD 10 of each. This observation is completely in agreement with El-Sheikh (2015) who found that weight of S. Littoralis larvae was significantly affected due to exposure to a sublethal dose of abamectin. Also, he mentioned that this may be due to stop feeding of the larvae after the first day of exposure to abamectin. Recently, fipronil at 0.04 mg/ ml caused 73.24% mortality to rice stem borer 24 h posttreatment (Xiao et al. 2017) . They also found that weight of the alive larvae markedly decreased compared with control.
Regarding the GABA content, our results indicated that all mixtures exhibited induction of GABA content. This induction was magnified in the case of LD 10 EMB + LD 10 fipronil (193%) relative to untreated larvae. To explore this positive interaction, there are three possible mechanisms available in literature. The first one what is the role of detoxification enzymes? Concerning this point, Xiao et al. (2017) studied the activities of carboxylesterases (CarE), glutathione transferase (GST), and cytochrome P450 liked p-nitro-O-demethylase (PNOD) in the fourth-instar larvae of Chilo Suppressalis after treated topically by LD 20 of fipronil and abamectin alone. The specific activities of CarE, GST, and PNOD after fipronil treatment were always higher than those in control and the activity of POND significantly increased. Furthermore, abamectin treatment showed induction in PNOD activity and stronger inhibition in CarE activity. This induction of POND activity will interfere with the biotransformation of fipronil to its sulfone metabolite. The later exhibited biological activity as well as the parent compound (Durham et al. 2002) . This sustains and improves the bioactivity of fipronil in the binary mixture.
The second suggested mechanism correlated with the target site: as it is believed that abamectin is activating the GABA transporters that stimulates presynaptic transporters, which in turn stimulates presynaptic neuron to release excessive GABA (Buckingham et al. 2005) . However, fipronil inhibits the GABA-R without requiring channel opening. In spite of the activation of receptor, fipronil binding to the receptor was greatly facilitated as the finding of Zhao et al. (2003) . They studied the time constant for fipronil binding in cockroach neurons after treatment with 1000 nM. They found that the time constant for resting receptor block was 73 s and the time constant for the activated block was 1.75 s. This implies that fipronil binds faster 41 times to activated receptor than resting receptor. Thus, from these above-mentioned results, it is clear that the increase of GABA content activated GABA-R which facilitated and accelerated the binding of fipronil in the mixture, resulting in potentiated effect of the binary mixture at LD 10 EMB and LD 10 fipronil.
As a third potential explanation is that ivermectin interacted with glutamate chloride channels in concentration-dependent manner. Ivermectin potentiated the response of the channel to glutamate at low concentrations, whereas at high concentrations chloride channel is opened directly (Arena et al. 1992 ) Likewise, emamectin benzoate may exhibit the same effect which is associated with the potentiation of glutamate at low concentration. The above-mentioned three mechanisms may emphasize the potentiation effect of fipronil and EMB mixture at low concentration.
Conclusion
The binary mixture of emamectin benzoate and fipronil at low concentration had a synergistic interaction against the fourth-instar larvae of cotton leafworm and both insecticides potentiated each other. Generally the present data suggest that the use of EMB and/or fibronil in binary mixtures at lower concentration in practical application may improve the insecticide performance and thus mitigate resistance development in S. littoralis. In addition, findings would also reduce the rate of used insecticides and consequently reduce the costs for farmers and insecticide input into the environment. Our group is currently investigating the efficacy of the tested mixtures under field application conditions to confirm the results obtained in this study.
